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8ABSTRACT
The heat capacities of four polymers with carbon
backbones, polyvinyl fluoride (PVF), polyvinylidene fluoride
(PVF2), polytrifluoroethylene (PVF3) and polychlorotrifluoroethylene
(PCTFE) were measured between 80°K and 340°K by using an adiabatic
calorimeter. The heat capacity, can be expressed as the sum of two
terms: the optical contribution which is calculated from the
vibrational band assignment found in the literature, and the
acoustical contribution which is obtained by the Tarasov continuum
model. It is assumed that there are four acoustical modes per
repeat unit corresponding to the twisting and bending motions of
the C-C bonds.
The result shows that the Tarasov model is reasonably
valid in accounting for the acoustical heat capacity of polymers.
The one-dimensional cut-off frequency cal in the Tarasov model
for PVF, PVF21 PVF3 and PCTFE were found to be 298, 248, 206
and 163 cm-1, respectively. The product of the mass per back-
bone carbon atom (M) and W12 was found to be approximately
constant for the four polymers studied. This leads to the
conclusion that the force constants along the chain are approxi-
mately the same for all polymers with carbon backbones. The
three-dimensional cut-off frequencies w3 for 1 VF2 and PCTFE
were calculated from the velocity of sound data. Combining
values of polyethylene and polytetra-
fluoroethylene in the literature, it was found that Mw32 decreases
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with the increase of the number of halogen atoms in the repeat
units of the polymers. Thus the three-dimensional interchain
force constant decreases with the increase of halogen atoms. The
force constant along the chain is much larger than that between
chains indicating that the intrachain interaction is much stronger
than the interchain interaction.
The heat capacities were extrapolated to 0°K using the
Tarasov expression. The entropy, enthalpy and Gibbs free energy
for the four polymers were calculated. The entropy of polymeri-
zation of PVF and PrOTFE were found to be -193.0 and -107.6 J/°K mole,
respectively. For FVF 2, a glass transition at about 228°K was
observed from the heat capacity curve. The change of heat capacity
at glass transition enables the calculation of the dT dP value.
It was found to be 58°K/1000atm. The glass transitions of other
polymers were not detected by our heat capacity measurements.
The measurements on slow cooled and quenched sample of
PCTFE lead to the conclusion that the difference in crystallinity




The heat capacity of a crystalline solid can be
calculated if the spectrum of lattice vibration (or density of
states) is known. However, it is often impossible to calculate
the density of states of lattice vibration because of the lack
of knowledge of vibrational force constants and the detailed
structure of the solid. Simplified models are therefore widely
used to explain the heat capacity of solids. The validity of
these models can only be checked by comparing the calculated
heat capacity with experimental data.
The heat capacity of some inorganic solids with
linear chain structure were analysed by Tarasov (1950). It was
assumed that at sufficiently low temperatures when long wavelength
vibrations are dominant, many chains interact with one another
through the weak interchain interaction, so the vibrations'.are
essentially three-dimensional. At higher temperatures, more
vibrations of shorter wavelength are excited these vibrations
are essentially along the chain skeleton and therefore one-
dimensional in nature. The low-frequency three-dimensional
vibrations are calculated according to the Debye model up to a
cut-off frequency w3. Higher frequency vibrations are treated
as an one-dimensional continumm from w3 to wl. Using this model,
it was shown that the heat capacity.at constant volume for a
2single degree of freedom is given by
(I .01)
where R is the gas constant, D1 and D3 are known as zne one-
dimensional and three-dimensional Debye function, respectively
i= h/k, k is the Boltzmann constant, I. is the Planck's
constant divided by 2-9, and T is the absolute temperature.
The model is quite successful in explaining the heat
capacity of inorganic solids composed of long chain molecules.
The model predicts a linear temperature dependence of heat
capacity in an intermediate temperature range
provided that 03<.150. If03>0.1501,, there is no linear
temperature dependence of heat capacity in any temperature range.
The model also predicts a T3 dependence of heat capacity at
sufficiently low temperatures, which is expected from the Debye
model. For T the right hand side of (I.l) reduces
approximately to RD1(1/T), an expression containing only a single
parameter. The Tarasov model can account' for only the acoustical
vibrations. The optical contribution to heat capacity should be
subtracted from the total before using the Tarasov expression
(1.1).
A polymer is an organic substance consisting of long
chain molecules. An important class of polymer consists of
linear polymers with carbon backbones. Of all the polymers only
polyethylene (--CH2-)n the one with the simplest structure,
3has been studied in great detail with regard to its density of
states and heat capacity. The density of states was calculated
by Stockmayer and Hecht (1953) and Miyazawa and Kitagawa (1964).
Stockmayer and Hecht used a simplified crystal structure in their
calculation. Miyazawa and Kitagawa used the exact crystal structure
of polyethylene but the force constants are adjusted to fit the
observed infrared and Raman spectra and also the heat capacity at
very low temperatures. Wunderlich (1962) used these density of
states to calculate the heat capacity and obtained reasonable
agreement with experimental data. However it was found that the
Tarasov model gives the best fit to the heat capacity data. This
is because the heat capacity is given essentially by the integral
over density of states, and therefore rather insensitive to the
detailed shape of the density of states. And the two parameters
in the Tarasov model can be adjusted to fit the data. The density
of states obtained by using the Tarasov model also shows a
resemblance to that obtained by Miyazawa and Kitagawa (figure 1.1).
The analysis of heat capacity of polymers, other than
polyethylene, is more difficult for two reasons. Firstly,none of
the bulk polymers are in a completely crystalline form. Even a
bulk sample of high density polyethylene is only 80% crystalline.
The second reason is that because the side groups (or atoms) are
heavier, the optical vibration frequencies are lower and their
contribution to heat capacity; larger; moreover, the optical













Figure 1.1 Density of states of polyethylene obtained by Miyazawa and Kitagawa (1964)
and that obtained by the Tarasov.model.
5In addition to polyethylene, the heat capacity of
polypropylene, polytetrafluoroethylene, polyvinyl chloride,
polyvinylidne chloride and polystyrene, all polymers with carbon
backbones, were also analysed by Wunderlich (1970) using the
Tarasov model. It was found that
(1.2)
where M is the average mass per carbon backbone atom of the
linear polymer, and k0 is approximately constant. For polymers
8 3 is usually less than 140°K and the Tarasov expression reduces
to RD1(81/T) for T 80°K. Wunderlich therefore proposed that it
should be possible to estimate g1 of a polymer by using eq.(1.2)
and hence calculate the acoustical contribution to the heat
capacity of the polymer above 80°K.
In order to establish the general validity of the
Tarasov model inaccounting for the acoustical heat capacity of
polymers we measured the heat capacity of a series of four
fluorine containing polymers, polyvinyl fluoride (-CH 2---CHF--) n,
polyvinylidene fluoride (-CH 2- CF2--)n, polytrifluoroethylene
(-CHF-CF-)9 and polychlorotrifluoroethylene (-CFCl-CF2-)n2n 2n
The reason for choosing these polymers is that the mass of
fluorine atom is relatively small, and therefore the optical
frequencies are not too low to contribute too much to the heat
capacity. In addition, infrared and Raman spectra of the polymers,
except that of polytriflluoroethylene, are available. Moreover,
6the infrared and Raman spectra of polytetrafluoroethylene
(-CF2-) n are available and the vibrational modes had been
completely assigned (Hannon, et al. 1969), which is helpful for
the calculation of the optical contribution to heat capacity.
Heat capacity data was analysed by a method similar to
that used by Wunderlich (1962). The 91 values of the four polymers
were found and the result confirms Wunderli ch' s prediction as
stated in eq. (I.2).
The 03 value of polyvinylidene fluoride and polychloro-
trifluoroethylene were found by using the velocity of sound data.
A reasonable guess was made for the 93 values of polyvinyl
fluoride and polytrifluoroethylene because there are no data of
velocity of sound available. The heat capacity was extrapolated
to 0°K by using the 6 1 and G 3 values and the Tarasov expression.
The entropy, enthalpy and the Gibbs free energy were calculated
from 0°K to 340°K. The entropies of polymerization of polychloro-
trifluoroethylene and polyvinyl fluoride were calculated by using
the entropies of the monomers.
The glass transition of polyvinylidene fluoride at
about 230°K was observed on the heat capacity curve. The glass
transitions of polychlorotrifluoroethylene and polyvinyl fluoride
were not observed.
7The effect of crystallinity on heat capacity of
polychlorotrif luoroethylene was also investigated. it was found
that the heat capacity of polychlorotrifluoroethylene is in-





The frequency of the lattice vibration of a solid
is a function of the wavevector K K), known as the
dispersion relation. The dispersion relation is in general a
multivalued function with 3p branches, where p is the number of
atoms in a primitive cell. The vibrational branches which
satisfy = 0 at K= 0 are known as acoustical vibrations. The
remaining branches which have frequencies for all K values,
are known as the optical vibrations. The number of vibrational
states between frequencies and + d) of the ith branch is
given by gi( )d w where gi( ), the density of states of the ith
branch, can be calculated from the dispersion relation.
The total vibrational energy of a solid is given by:
(11.1)
whereto mi is the highest allowed frequency of the ith branch,
k is the Boltzmann constant, 1 is the Planck's constant divided
by 2R, T is the absolute temperature, gi() is subjected to
the following condition:
Where N is the number of primitive cells in the solid.
9The heat capacity of a solid is then given by:
(11.2)
The density of states cannot be easily found except
for solids with simple crystal structure. However, the heat
capacity is given essentially by the integral over the density
of states, and is therefore not very sensitive to its detailed
shape. Simple models are thus used in order to reduce the
mathematical manipulation and yet quite good agreement with
experiment can be obtained.
2. Einstein model of heat capacity
Einstein assumed that the lattice of solid vibrates
with a single frequency wo. That is, the density of states is
The heat capacity is then, by using eq.(II.2),
(11.3)
Since the frequencies of the optical vibrations are
,
in general approximately independent of K, there is effectively
only one vibrational frequency for each optical branch. Einstein
model is therefore a good approximation for calculating the heat
capacity contribution of the optical vibrations. We shall used
this model to obtain the optical contribution to the heat capacity.
10
3. Debye model of heat capacity
Debye assumed that there is no dispersion in solid,
that is
where v is the velocity of sound.
This condition is true for acoustical lattice waves
with long wavelengths. Under this assumption, the density of
states for a three dimensional solid can be shown to be propor-
tional to (42 up to a cut-off frequency u. m The cut-off frequency
is introduced to account for the discrete nature of the lattice.
The molar heat capacity of the ith acoustical branch Cai(T) can




where V is the volume of the solid containing one mole of molecules,
N'is the Avogadro.'s number, vi is the velocity of sound of the
ith acoustical branch. It is convenient to introduce the function
(11.6)
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Hence eq. (II.4) can be written as
Cai (T)= Nk D3(Di/T) 0
D3C) is known as the three dimensional Debye function. At low
temperature TDithe heat capacity reduces to
(II.7)
4. Tarasov model of heat capacity
Tarasov proposed the following density of states to
explain the acoustical contribution to the heat capacity of
solids with long chain structure,
where wl and w3 are constants which characterize the solid, a and
b are constants depending on l and 3.
The density of states can be visualized as a one
dimensional continuum superimposed on a three dimensional con-
tinuum as shown in figure 2.1.
Figure 2.1 Density of states of the Tarasov model.
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It is further assumed that the number of states N3
w
in the range 0<w<w3 is given by N No where N is the
3 3 ()1
total number of states. The number of states N1 in the range
w
W3< w W1 is then equal to N(l -w1/w3). Under this assumption,
3 l W1
,the following results are obtained:
and hence
and
Putting g(w) into eq.(II.2), the heat capacity for a single
branch of acoustical vibration is
(II.8)
where R is the gas constant
(n=1, 3)
Dn is known as the n-dimensional Debye function.
If we assume for simplicity that allnacoustical branches
have the same characteristic temperatures e3 and el, then the
a=w1/N b=3w1w32/N
13
total acoustical heat capacity contribution is
(11.9)
For T Gp 3$ we have
(ii.lo)
Thus the product 1Q3e- can be calculated from the low temperature
heat capacity, Also by comparing (11.8) with experimental
results at higher temperatures, both 93 and G1 can be obtained.
The heat capacity C.() shows T3 dependence below
T O.1b` 1+ For temperatures the heat capacity is
roughly linear in r! provided that
5. Vibrational analysis of a planar zig--zag chain
The chain-molecules of quite a number of polymers,
including crystalline polyethylene, are arranged in a planar
zigzag fashion. A planar zigzag model (figure 2.2) can




Figure 2.2 A planar zig-zag chain.
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In figure 2.2, masses m1 and m2 are assumed to be
rigid units, usually containing more than one atoms. It was
shown by Zbinden (1969) that the normal frequencies of vibration
confined to the plane of the molecule (in plane vibration) are





F=2ki,,sin2at N=2kccosa sired,where G=2kscose- al
P= co sx s intx, Q=2cos2a, R= 2k s sin 2a,
k is the force constant along the bonds, kb is the bending
force constant such that the restoring force which results from
an infinitesimal change of angle (A8, say) can be expressed as
-kbfAB.
The vibration out of the plane of the molecule (out
of plane vibration) is assumed to be completely decoupled from
the inplane vibration. The vibrational frequencies can be
calculated explicitly to be
i(2p-N)sig2/dk (4Q+R)cos 2/Dk m1w2-r-Q(cosDk+3)
GCOS2/dK
M2W2-G-2F sn2 2/Dk gos 2/DK
i(n-2p)sin 2/Dk
-ipsinDk
m2w2-r-Q(cosDk+3) (4Q+R) cos 2/Dk
i(N-2p)sin2/Dk
m1w2-G-2Fsin 22/Dk i(2p-N)sin 2/Dk
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(II.12)
where kt is the twisting force constant.
There are six branches altogether, four acoustical
and two optical. Two acoustical branches belong to the in-plane
vibration and the other two belong to the out of plane vibration.
The carbon-carbon stretching modes turn out to be optical modes
which are indeed observed in infrared and Raman spectra. The
fact that there are four acoustical branches resulting from this
calculation and from band assignments leads us to assume four
acoustical modes per repeat unit, i.e.,N= 4 in eq. (II.9).
The planar zig-zag model is not expected to give good
representation of the vibration spectrum at low frequencies
because the interaction between chains has been neglected. How-
ever$ the vibrations at high frequencies should be adequately
described by this model since such vibrations are predominantly
along the chains. In particular, the maximum frequency of the
acoustical spectrum should, in principle, be comparable to the
cut-off frequency w1 of the one-dimensional vibrations of the
Tarasov model.
6. Heat capacity of polymers
A polymer is composed of long chain molecules and
interaction between adjacent atoms along a chain (intrachain
16
interaction) is due to the covalent bond. The interaction between
chains (interchain interaction) is the Van der Waals interaction.
Therefore the interaction between adjacent atoms belonging to
the same chain is much stronger than that between adjacent atoms
belonging to different chains. The interchain interaction is
three dimensional while the intrachain interaction along the chain
axis is one dimensional in nature. This justifies the analysis
of heat capacity of polymers by using the Tarasov model (section
II.4).
A suitable vibrating unit should be chosen before we
can use the Tarasov expression (II.8). We choose the vibrating
unit to. be the repeat unit (e. g. CH2-CHF) of the polymer chain.
With this choice we have two bending and two twisting modes
associated with this vibrating unit, i.e., one bending and one
twisting mode associated with each backbone carbon atom. The
vi's mentioned in section 11.3 should be the velocities of these
modes. However these cannot be directly measured and a reasonable
estimate has been obtained from the observed velocities. Although
a polymer is made up of chains with intrachain interaction much
stronger than interchain interaction, i.e., there is anisotropy in
the microscopic sense, a macroscopic sample is isotropic. Hence
the average velocity of acoustical vibration is given by
(II.13)
17
where vL and vT are the observed velocities of longitudinal
and transverse waves, respectively. If this value of v is put
into expression (II.5), the low temperature heat capacity and
hence the product 01 03 2 can be obtained by eq. (II. l0).
18
PART III
APPARATUS AND EXPERIMENTAL TECHNIQUES
A. Calorimeter and Cryostat Assembly
The heat capacity of polymers was measured with an
adiabatic calorimeter which is described in this section. The
whole assembly consisting of a calorimeter vessel, an adiabatic
shield, a furnace and a vacuum chamber s shown in figure 3.1.
1. Calorimeter vessel
The calorimeter vessel was made of a copper can which
had an outer diameter of 2" and a height of 3". Its structure is
shown in figure 3.2.
Along the central axis of the vessel was a cylindrical
well in which a Leed Northrup 8164-B platinum resistance thermo-
meter was soldered with lead-tin solder (melting point 180°C).
Eight rectangular copper fins, 0.006 inches thick, were attached
to the central well inside the can to promote heat conduction and
hence reduce the time for thermal equilibrium.
The heater was made of silk-insulated s.w.g. No. 44
constantan wire. It was bifilarly wound into the form of a disk
and was attached to the bottom of the can using G.E. No. 7031
varnish. The resistance of the heater was 282 ohms at room
temperature and droped to 260 ohms at 80°K.
The false bottom was used to protect the heater wire
and the glass end of the thermometer and was soldered to the
19
Figure 3.1 Cryostat Assembly
1. Pump Line
2. Indium 0 Ring Seal
Vacuum Chamber3.
4. Nylon Suspension Wires
5. Furnace
6. Furnace Heater Wire
7. Adiabatic Shield
8. Shield Heater Wire
9. Calorimeter










































sample vessel with Cerroseal 35 indium-tin solder (melting point
120°C). The electrical leads of the thermometer and the heater
were enamel-insulated s.w.g. No. 40 copper wires and they came out
through a hole in the false bottom.
The can cover with a 1/16" diameter monel tube at the
centre could be soldered in place when the calorimeter vessel
was loaded with a sample.
The outside surface of the calorimeter was rhodium
plated to minimize heat radiation.
Six 1/8" holes were drilled on the rim of the
calorimeter vessel. Three nylon strings were attached to three
of these holes which were located at 1200 apart and were used to
hang the vessel from an adiabatic shield to be described.
2. Adiabatic Shield
The adiabatic shield (or shield for simplicity) was
a cylindrical copper can of length 5", outer diameter 31-2" and
thickness 1/32". Its bottom plate was attached to the body by
means of six screws, so that the calorimeter vessel can be put
inside. The calorimeter vessel can be suspended from three
hooks which were silver-soldered to the inner surface of the top
plate.
A spiral groove, 1/32" wide and 1/64" deep, was ruled
on the body of the shield at about 12 turns per inch. A silk-
insulated No. 34 constantan wire was bifilarly wound along the
groove and was glued to the shield with G.E. No. 7031 varnish.
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Two other heaters of s.w.g. No. 30 81lk-insulated
constantan wire, noninductively wound into the form of disks,
were glued to the top and the bottom of the shield. The resistances
of the three heaters were adjusted such that the heat generated
in each part of the shield was roughly proportional to its mass.
The total resistance of the heaters was 885 ohms.
A 1/4 hole was drilled in the body of the shield so
that electrical wires can go through and the space inside the
shield can be evacuated. A small hole of diameter 1/16 was
drilled near the middle of the body. One junction of a copper-
constantan differential thermocouple was anchored at this point
by means of a screw and a nut. The other junction was attached
by similar means to the rim of the calorimeter.
The inside surface of the shield was rhodium plated
to minimize heat transfer by radiation between the shield and
the calorimeter.
The shield was hung with three nylon wires inside a
furnace which was similar to the shield.
3. Furnace
The furnace was a cylindrical copper can of length
8, outer diameter 41 and thickness 3/32. The heater was
similar to that of the shield and had a total resistance of
860 ohms. The inner surface of the furnace was nickel plated
to minimize heat transfer by radiation. The furnace was
insulated from the top plate of the vacuum chamber by a 1/2
stainless steel tube.
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A copper-constantan differential thermocouple was
set up with one junction attached to the shield and the other to
the furnace to sense the temperature difference between the
furnace and the shield.
4. Vacuum chamber
The vacuum chamber was a cylindrical can made of brass.
It was 13 in height, 51-2" in diameter and 1/16" in thickness.
It enclosed the furnace.
The vacuum chamber was sealed with an indium 0 ring
in order to give good vacuum even at liquid nitrogen temperature.
An Edward 2" combined pumping system consisting of a mechanical
pump, an oil diffusion pump and a liquid nitrogen cold trap was
employed to evacuate the system. The pressure was about 2 x 10406
Corr at low temperatures. Even at room temperature and above, the
pressure could be kept below 10-5 torr which was low enough for
the purpose of eliminating heat transfer by the residual gas.
5. The thermocouples
The thermocouples were made of enamel-insulated
s.w.g. No. 37 copper and constantan wire. The junction was
formed by twisting the wires together and was soldered to a
rhodium-plated copper sheet of 0.15 mm thickness (figure 3.3).
The copper sheet was sandwiched between two sheets of 0.05 mm
thick mica (M) and was firmly pressed against the metal at the





Figure 3.3 The thermocouple tie-downs
6. Thermal anchoring of electrical wires
During a run, the vacuum chamber was often immersed
in liquid nitrogen, while the temperature of the furnace was at
3° to 200°K higher than that of the vacuum chamber. The
temperature of the shield was about 3° to 20°K higher than that
of the furnace and the calorimeter was kept at the same temperature
as that of the shield. The electrical wires were therefore thermally
bonded to each component of.the cryostat using G.E. No. 7031
varnish to avoid large temperature gradients along the wires and
hence minimize heat transfer along the wires.
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The electrical lead wires at the top of the pump
line were at room temperature. When they entered the vacuum
chamber, the wires were wound several turns around a 5/8" diameter
cylindrical brass shell which had been hard-soldered to the lower
surface of the top plate of the vacuum chamber. Then the wires
were wound several times around the furnace and along spiral
grooves (about one turn per inch) on the shield.
When the wires reached the calorimeter vessel they
were wound several turns around the tail of the copper shell
housing the thermometer (figure 3.2) before they were connected to
the thermometer and the heater. Otherwise, heat transfer would
take place directly between the shield and the thermometer in
case there was a temperature gradient along the wires. This
would make the reading of the thermometer different from the true
temperature of the calorimeter.
B. Electrical Measurements and Temperature Control
1. Calorimeter heater and thermometer circuits
The temperature of the calorimeter was obtained from
the resistance of the platinum resistance thermometer which was
calibrated against NBS certified thermometer between 90°K and
5230K. The resistance of the thermometer was measured with a
six dial Leeds Northrup 8069-B Mueller bridge using a continuous
current of 2 mA through the thermometer. A Keithley 147
nanovoltmeter was used as a null detector. The accuracy was better
than 0.0001 ohms which corresponds to a temperature change of 1 m0K.
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The heating current of the calorimeter was supplied
by a Hewlett-Packard 6181B constant current source. The
potential drop across the heater was measured by a PYE 7600 six
digit potentiometer with a Keithley 155 microvoltmeter as a null
detector. The current was obtained by measuring the potential
drop across a 10 ohm standard resistance in series with the heater.
A home-made electronic timer which could be turned on
and off by the same switch that turn the calorimeter heating
current on and off. The heating period could be read to 0.1
second. The timer was calibrated against a Hewlett-Packard 5304A
timer. The accuracy was about o.l%.
2. Automatic shield and furnace temperature control
The temperature difference between the calorimeter and
the shield was sensed by a copper-constantan thermocouple. The
voltage developed was measured by a Keithley 150B microvolt ammeter
the output of which was fed to the Leeds Northrup Speedomax-H
recorder which in turn drove a Leeds Northrup Series 80 current
adjusting type controller. The 0 to 5 mV output was amplified to
0-100 mA by a home-made amplifier. The amplifier current was used
to control the temperature difference of the shield and calorimeter
to within 2 m0K except for short periods when the calorimeter heat
current was turned on or off. But the largest deviation was in
no case greater than 25 m K even for the above stated periods.
The temperature of the furnace was kept at 2.5° to





















constantan differential thermocouple between the furnace and the
shield was sensed by a Keithley 149 microvoltmeter, the reading
of which was adjusted to zero with the zero suppress dial. Any
deviation from zero was then amplified and fed to the furnace heater.
The temperature difference was controlled to 0.1°K. The optimum
difference was chosen such that the shield temperature control
was best.
C. Procedure. For Measuring Heat Capacity
Sample of known weight was put into the calorimeter
vessel which had been thoroughly dried. The vessel cover was
then soldered in place with Corroseal 35 solder. The calorimeter
was evacuated for one day through the small monel tubing at the
centre of the vessel cover to get rid of moisture and volatile
substances. Helium was then admitted into the vessel through
the monel tubing to promote heat exchange. When this had been
done, the tubing was blocked with a pin which was soldered to the
tube.
In measuring the heat capacity of the empty calori-
meter, the procedure was the same as above except that there was
no sample inside.
The sample vessel was then hung in place and all
electrical wires were connected before the assembly was enclosed
by the vacuum chamber. The calorimeter, the shield and the
furnace were heated to 65°C and then the chamber was evacuated
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for two days with diffusion pump to make sure that no volatile
substances adhered to the assembly when cooled to liquid nitrogen
temperature.
Dry helium was then admitted into the vacuum chamber.
The sample vessel would then be cooled to liquid nitrogen tempera-
ture within a few hours. Measurement could be started after the
helium gas inside the chamber had been pumped away. This usually
took four to five hours.
The temperature Ti of the calorimeter vessel was
measured as was described in IIIB.l. A constant current of about
30 to 60 mA was passed through the calorimeter heater and the
voltage drop across the heater and the current were measured as was
described in IIII3.1. Because of the slight variation of heater
resistance with temperature the voltage drop was measured both at
the start and the end of the heating period and the average was
taken. The heating interval which varied from 200 to 2000 seconds
was also recorded. The final temperature Tf of the calorimeter
was measured after thermal equilibrium was reached, usually after
eight to twelve minutes. The temperature rise varied from 2 to
8 degrees. The energy supplied divided by the corresponding
temperature rise ave the heat capacity at 1-2(Ti+ Tf). Usually
the final temperature of the first measurement was taken to be
the initial temperature of the second measurement.
whenever there was a transition, the equilibrium time
was very long or equilibrium just could not be reached. The
temperature of the calorimeter either drifted up or down at an
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almost constantrate . T he data was taken either 1 5 minutesafter
the heater was turned off or until the drift was less than 0 . 3 mo K
per minute . T herefore, in the transitionregion , the result
depended somewhat on the time allowed for thermal equilibrium.
T he heat capacity of the empty calorimeterwas measured
first . S ampleof knownweight, usually3 0 to 1 0 0 grams, was put
inside the calorimetervessel . T he heat capacity of the sample
plus calorimetervessel was measured. T hen the heat capacity of
the calorimetervessel was subtracted from the total to obtain
the heat capacityof the sample . T he heat capacityof the empty
calorimetervaried from 5 0 to 7 5 % of the total heat capacity.
T he accuracy of the heat capacity measurementwas
checked against heat capacity measurementson benzoic acid at
the N ationalB ureauof S tandardsby G inningsand F urukawa( 1 9 5 3 ) .
B etween9 7 ° K and 3 4 0 ° K the averagedeviationf our measurements
from the NBS value was + 0 . 3 % . H owever, for temperaturesbelow
9 7 o K our measurementwas consistentlylower than the NBS value .
A t 9 5 o K our data were2 % lowerand became5 % lowerat 8 5 o K . T his
is probably because the thermometerwas calibrated only between
9 0 o K and 5 2 3 o K , and the resistanceof the thermometerbelow9 0 o K
was obtainedby extrapolation. T he heat capacitydata at 8 0 o K
was therefore obtained by linear extrapolation.
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D Sample Preparation






PVF in powder form was obtained from the Cellomer
Associates, Inc. Powder was used for measurement because PVF
turned brown after moulding.
Polyvinylidene fluoride
The sample in powder form was obtained from the
Cellomer Associates, Inc. Its melting point is about 160°C.
Polychlorotrifluoroethylene
The sample, designated as Kel-F 6060, was supplied
as pellets by the Minnesota Mining and Manufacturing Company.
The melting point of Kel-F is about 210°C.
Po lytrifluoroethylene
It was a spongy white solid kindly supplied by Dr.
R.E. Florin of the National Bureau of Standards, U.S.A. It
was described as mildly cross linked. It was cut into pieces
of about 2 cm.
Samples of PVF2 and PCTFE were prepared from moulded
sheets of about 1 mm thick. This was accomplished by placing
about 30 grams of sample between two stainless steel plates
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with 1 mm thick aluminum spacer between them. The assembly was
heated to about 10° to 30°C above the melting point of the polymer
and then pressed under a pressure of 100 kg/cm 2. The sample was
then cooled slowly, less than 2°C/min. With this procedure we
obtained slow cooled samples.
In order to investigate the effect of crystallinity,
quenched sample of PCTFE was also prepared. The same procedure
as used for the slow cooled sample was followed except that the
sample in molten state was quenched in ice water. No attempt
had been made to prepare quenched sample of PVF2 because it had
been shown (Nakagawa and Ishida, 1973) that quenching did not
change its crystallinity appreciably. The moulded sheet was
then cut into strips of about 2 mm wide and 2 cm long. Before
putting the sample into the calorimeter vessel, it was pumped for
one or two days in order to get rid of moisture and volatile
substances.
The density of the moulded sample was measured at
20°C by using buoyancy method. similar to that employed by Price
(1952). This method amounts to weighing the sample in air and
in distilled water. The density of the sample was calculated
using these data and the value of the density of distilled
water, given in the "Hand Book of Physics and Chemistry" (Chemical
Rubber Publishing Company).
A stainless steel cylinder, the volume of which
could be measured to better than 0.3%, was used to check our
measurement. Its density was determined by dividing its mass by
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volume and also by the buoyancy method. The agreement was within
0.2%. Hence the accuracy of the buoyancy method was estimated to
be 0.3%.
The density of moulded sample was also measured by
flotation method. 1-2 dibromoethane and carbon tetrachloride
were used. The two liquids were mixed in appropriate proportion
such that the sample, when put into the mixture did not sink or
float. That is, the density of sample was equal to that of the
mixture. The density of the mixture was measured by a specific
gravity bottle. The bottle was calibrated by using liquids of
known dnesities, and the accuracy was found to be about 0.4%.
The crystallinity of PCTFE and PVF2 was calculated by
using the following values for density of completely crystalline
(C) and completely amorphous(a) samples obtained by Hoffman
(1958), Nakagawa and Ishida (1973), respectively.
Mnmvv
PVr2
The crystallinity x) was calculated by using the expression
(Hoffman, 1958):
where is the density of the sample.
The results of both the buoyancy and the flotation
method are summarized in Table I.
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TABLE I
DENSITY AND CRYSTALLINITY OF PCTFE AND PVF2
Flotation MethodBuoyancy Method
Density Crystallinity Density Crystallinity
(gm/cm3)(gm/cm3)
Slow Cooled 112.146±0.006 64±6 58±82.140±0.008
PCTFE
46±6 36±82.115±0.008Quenched 2.126±0.006
1.77 ±0.007 53±4(Slow Cooled 1.68 ±0.005 0+3
PVF2
Quenched
For PCTFE the density values obtained by both methods
agree within experimental accuracy. The density of PVF2 obtained
by flotation method agrees with the. value obtained by Nakagawa and
Ishida. The buoyancy method fails to give reasonable value and
this may be due to the fact that the surface of sample was not in




The graphically smoothed data of the heat capacity
of polyvinyl fluoride, polyvinlidene fluoride, polytrifluoro-
ethylene and polychlorotrifluoroethylene between 8001 and
3400K are shown at 100K intervals in figure 4.1 to 4.4 and
are also tabulated on tables VI to IX. For comparison, the heat
capacities of all four polymers and polyethylene and polytetra-
fluoroethylene YVunderlich (1970) are shown in figure 4.5.
The heat capacity can be understood as the sum of
two terms: the optical contribution as calculated from the
vibrational band assignment given in the literature, and the
acoustical contribution obtained from the Tarasov continuum
model.
The four polymers studied have six atoms in a repeat
unit, and therefore have eighteen vibrational branches. 1 our
of them are acoustical modes and the remaining fourteen branches
are optical.
1. Optical contribution to heat,capacity
The assignment of optical frequency bands is not
straight forward. However, the completeband assignment of
polytetrafluoroethylene (PTFE) had been obtained by Hannon,
et al. (1969) by using normal mode calculation, The band
Legend of Figures 4.1 to 4.4
Curve I optical contribution to heat capacity calculated
by using the Einstein model and optical band
assignment found in the literature
acoustical contribution calculated by using theCurve II
Tarasov model (eq. (II.8)) and the e1 and e3 values
in table X
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Figure 4.5 The heat capacity of PE, PVE, PVF2, PVF3, PTFE,
and PCTFE.
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assignment of polyethylene (PE) was obtained by Sheppard (1959)
In calculating the optical contribution, these band assignments
are helpful in assigning the optical bands of the four polymers
used in our present study.
The optical frequencies of the polymers were obtained
from infrared, Rar:ian spectra and assignments in the literature.
Infrared spectra were obtained for PVF (Koenig and Mannion,
1966), i'VF2 (Cortili and Zerbi, 1967 Enomoto, et ales 1963)
and PCTr E (Liang and Krimm, 1956). Rarnan spectra were obtained
for PVF (Koenig and Boerio, 1969), PVF2(Boerio and Koenig, 1969)
and PCTFE (Boerio, unpublished).
Not all the optical modes are observed in the infrared
and Raman spectra. If a certain optical mode of a particular
polymer is not observed in both infrared and Raman spectra, the
frequency of the corresponding mode observed in PE or PTFE is
taken to be the frequency. For example, the asymmetric stretching
mode of CF2 group is not observed in PVF2, we therefore assume
that its frequency is equal to the asymmetric stretching frequency
of CF2 in PTFE. It is reasonable to make this corresponding
assignment because the other optical frequencies of the CF2 group
in PVF2 are almost equal to those of PTFE.
In the case of PVF, there is considerable coupling of
the skeletal and group vibrations. The band assignment is quite
uncertain.
For PVF3, no infrared or Raman spectra have been
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TABLEII
THE OTPICAL VIBRATIONSIN PVF
E insteinA verageF requencyV ibrational
T emperatureF requencyR angeM odea
( oK)( cm- 1 )( cm- 1 )
4 8 93 4 0( C- C- F ) 3 4 0
6 0 24 1 83 7 0 - 4 6 5
1 0 5 07 3 0( C- F) 7 3 0
1 2 2 38 5 08 2 5 - 8 7 5r ( CH2 )
1 4 9 71 0 4 01 0 4 0( C- F )
1 5 9 71 1 1 01 0 8 0 - 1 1 4 0
a ( C - F )
1 7 0 51 1 8 51 1 8 5(C..C)
1 7 7 31 2 3 21 2 3 2w( C - H )
1 7 9 91 2 5 01 2 5 0( C- H)
2 0 3 21 4 1 21 3 6 2 - 1 4 6 2w ( CH2 )
2 0 2 01 4 0 41 4 0 4( CH2 )
2 9 1 22 9 1 2 4 1 9 0
s ( CH2 )
2 9 6 02 9 6 0 4 2 5 9( CH2 )
2 9 7 82 9 7 8 4 2 8 5( C - H )
rockingbendingtwisting
= symmetric stretching= wagging
= stretching.a = asymmetricstretching
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TABLE III



























a. see table II.
b. Polytetrafluoroethylene data (Hannon, et al., 1969).
c. Polyethylene data (Sheppard, 1959).
CF2)
TABLE IV




















a. see table II.
Polytetrafluoroethylene data (Hannon, et al., 1969)b.
c. see the text
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TABLE V





















a. see table II.
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reported. In order to find the optical contribution, we assume
that the CHF and CF2 group vibrations have the same frequencies
as those of the CHF vibrations in PVF and the CF2 vibrations in
PTF'E.
The frequencies and assignments of all fourteen
optical modes of the four polymers are listed in tables II to
V.
The optical vibration has a narrow frequency band,
therefore the avenge frequency between the upper and lower
limits of the band is taken to be the Einstein frequency. The
contribution of the optical modes was calculated by using
eq.(II.3) obtained from the Einstein model. The results are
listed on the fifth column of tables VI to IX.
2. Acoustical ccnitribution to heat capacity
If we denote the heat capacity contribution of all
the optical modes by Co(T), the acoustical contribution Ca'(T)
is then
c' (T)= CS(T)- Co(T),
a
where Cp(T) is the measured heat capacity.
A Q1 value was found such that kRD1(it1/T) (eq. (II.8))
fits best the C'(T) values between 80°K and 2OC°K* Here we have
used the fact that there are four acoustical branches. The
reason for choosing this region to fit the data is that the
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optical modes contribute less than GOio below 2GO-K and hence
acoustical contr s.bution obtained by subtraction is more reliable.
Here only the first term of eq.(II.7)
of eq. (II.7) was used because
is negligiblefor polymer) the bocond tern
for temperatures above 80uK which is thecompared to
lower limit of our naeasurement. For exariple, for PVp2 with
is only 1.46 at 80K, and becomes
0.46at l20°tc. 'here ore A can be neglect without affecting the
value of G
The theoretical acoustical contribution Ca (T) is
calculated by using eq. (II.8), 91 and ti3 (to be explained). re
assume there are four acoustical modes per repeat unit (Section
1-1.5) in the calculation. The results are listed on the fourth
column of tables i to IX.
The calculated optical contribution, acoustical
contribution and tho total heat capacity of the four polymers
are shown as curves:, III, respectively, in figures 4.1 to
4.4. The areo.ment between experiment and theory is quite good.
The comparison Id riven in tables VI to IX. For example, for
PCTFE, the a6reecnc:nt is within 14 below 200°K and between
2J0°K and 25C°.The deviation becomes lar er at higher tern
peratures and evexitually reaches 12f6 at 34O°K. Part of this
descrepancy can be accounted for by the difference between heat
capacity at constant pressure and constant volume (to be discussed
below). The poor a. ,reeiient between the theory and experiment in
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TABLE VI
HEAT CAPACITY OF PVF
(Heat Capacities in J/mole °K)
baaa a











26.5 23.425.5110 3.1 3.8





28.3170 8.8 5.735.1 37.1
28.7180 5.436.6 38.6 9.8
29.1 10.9190 4.840.038.2
12.0200 29.5 4.041.539.9
29.8 13.1 2.9210 41.7 42.9
-0.414.3220 44.344.5 30.1
0.815.4230 45.845.4 30.3
0.0240 47.247.2 16: 7,30.5
-1.217.9250 49.2 48.6 30.7
-2.419.1260 51.3 50.1 30.9
-3.420.4270 51.553.3 31.1
-4.621.7280 55.5 52.9 31.2
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TABLE VI (Continued)







C p= measured heat capacitya.
C C= C a+ C o= total calculated heat capacity
C= calculated acoustical contribution (eq.(II.8))
a
Co= calculated optical contribution
calculated heat capacity- observed heat capacity
100%b, Dev observed heat capacity
Values below 80°K are obtained by using eq.(II.B) withC
9 1= 430 °K and 9 3= 110 °K, assuming four acoustical modes.
TABLE VII
HEAT CAPACITY OF PVF1








































a. see table VI
b. see table VI
c. Values below 80°K are obtained by eq.(II.8) with 1= 357°K
and 3= 91°K, assuming four acoustical modes.
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TABLE VIII
HEAT CAPACITY OF PVF3

















1.829.4 15.5140 44.1 44.9
2.729.8 17.9150 47.746.5
20.3160 48.8 30.2 3.450.5
22.96170 3.930.551.1 53.1
24.8180. 3.953.3 55.6 30.8
27.0190 4.058.055.8 31.0
29.1200 60.3 3.331.258.4

















a. see table VI
b. see table VI
C. The values below 80vK are calculated by using eq.(II.8) with
l= 308°K and 3 =0°K assuming four acoustical modes.
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TABLE IX
HEAT CAPACITY OF PCTFE
(Heat Capacities in J/°K mole)
baaaa
























-2.649.1240 83.7 81.6 32.4
-3.1250 83.6 51.286.3 32.5
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TABLEIX ( C ontinued)
T ( o K) C D ev. ( % )CCC Oacp
- 3 . 95 3 . 18 5 . 7 3 2 . 62 6 0 8 9 . 1
- 4 . 65 5 . 08 7 . 6 3 2 . 62 7 0 9 1 . 8
- 5 . 45 6 . 88 9 . 5 3 2 . 62 8 0 9 4 . 6
- 6 . 35 8 . 63 2 . 72 9 0 9 1 39 7 . 4
- 7 . 56 0 . 33 2 . 7l 0 0 . 6 9 3 . 03 0 0
- 7 . 86 2 . 01 0 2 . 7 3 2 . 89 4 . 73 1 0
- 9 . 46 3 . 63 2 . 81 0 6 . 4 9 6 . 43 2 0
- 1 0 . 56 5 . 11 0 9 . 4 3 2 . 89 8 . 03 3 0
- 1 2 . 36 6 . 71 1 3 . 4 3 2 . 89 9 . 53 4 0
a . see table VI
b . see table VI
V aluesbelow8 0 u K are obtainedby usingeq . ( II . 8 ) withC.
1 = 2 3 5 o K and0 3 = 5 2 o K .
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the case of PVF2 is due to a glass transition at about 230K,
which results in a jump of heat capacity (figure 4.6).
The optical contribution is comparatively small at
temperatures below 2CC`K. The optical contribution to the total
heat canaci tvn percent are:
P VF3 P CT.FEP VF2Tc°K) p' F
2C8 108o
55200 503C 34
These percentages show that an error of 10,' in ti,,Le
calculated optical contribution only results in an error of the
calculated heat capacity of less than 2.o at 8G0 K and 5 4 at 2L'C.0 lt,
respectively.
For L' `.iii .z, heat capacity between 23 °K and 12-00K was
c: eaeured by Suc?hava and Trape znikova (196o )o Their data a 7-ee
with our measurements within 5j1V in the overlapping temperature
range. The 'low t e ip erature limit of 23 EK i s not low enough to
allow untimbi uous ors i hate of G3. In fact, their data when
comb .ned with curs cai be fitted satisfactorily ,,,ith 4R' (Qli/T)tj
i.e., G= C. In order to investigate the effect of 83 on the
calculated heat capacity we have also calculated C a (T) for
G3 5G°K and€= 100°K. The result shows that. in
3
values have practically no effect on the calculated heat capacity























Figure 4.7 The effect of 03 on the heat capacity of PVF3.
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The 3 values of PVF2 and PCTFE are found by using
the velocity of sound data at IC MHz between 170°K and 240°K
(Kwan and Chen, 1974).
For PCTFL, low temperature linear expansion data
reported by Laquor and Head (1952) are used to calculate the
denisty of PCTFE. The transverse sound velocity vT(c) was
O°K by using the empiricalto 0K
obtained by extrapolating vT
formula of Rao (1940),
where C is the density and A is an empirical constant. Linear
extrapolation of VT to U°K ive a value only 4/n higher than
vT(C). Therefore, for simplicity, the longitudinal velocity
at 0°K is obtained by linear extrapolation.
For PVF2 both longitudinal and transverse velocities
at 0°K are obtained by linear extrapolation because there is no
density data below 10C 0K.
The average velocity v at 0°K (eq. (I I.13) of PCTFE
and PVF2 are found to be 1170 m/s and 1740 m/s, respectively.
The error in 0°K velocities is believed to be less than 8% for
the following reasons. The velocity changes by only 10+ from
240°K to 170°K. Moreover, the slope of the velocity versus
temperature curve decreases with decreasing temperature. In the
case of PVF2, vT at 170°K is 1400 rr/s and the linearly extra-
polated value at 00K is 1660 m/s. The difference between these
velocities it only 17 %.
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P uttingthe averagev locityv into eq . ( II . 5 ) and
usingthe expansiondata of PCTFE( L aquerand H ead , 1 9 5 2 ) and
and hence 3PVF2 ( M andelkern, et al . , 1 9 5 7 ) , the
are foundto be :
PCTFE
PVF2
T he 6 3 value of PVF cannotbe found becausethere is
no velocitydata . W e assumeits 8 3 to be 1 1 0 o K , whichis
reasonableb cause it is expectedthat e 3 of PVF should not
differ very much from the 3 value of PVF 2 .
T he 1 and 3 values for all . four polymersstudied
are shown in table X . F or comparison, the 1 and 3 values of
polyethylene( PE ) ( W underlich, 1 9 6 2 ) and polytetrafluoroethylene
( PTFE ) are also includedin this table . F or PTFE , the 1 value
is obtained by analysing the heat capacity data obtained by
F urukawa, et al . ( 1 9 5 2 ) T he resulting1 = 2 7 0 o K agreeswith
that obtainedby tiyunderlich ( 1 9 7 0 ) . T he 6 3 value is calculated
by using the velocity of sound data obtainedby A thougies,
et al . ( 1 9 7 2 ) . T his valueis slightlydifferentfrom the 3.....
obtainedby W underlich( 1 9 7 0 ) who calculated0 3 by using the
heat capacity at low temperatures. O ur procedureis more
appropriate because the observed low temperature heat capacity
also includes the contributionby low frequency non - acoustical
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TABLE X
THE 1 AND e3 VALUES OF POLYMERS
Gm (OK)
3k1 m






403 10 310.37561.1241 3o8CHF-CF2PVF3
345 1.280.48581.0527050CF2-CF2PTFE
331 1.440045520.9223558PCTFE CFC1-CF 2
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modes which are attributed to the amorphous regions of polymers
(Reese and Tucker, 1967 Choy, et al., 1970).
In table X,
(1=1, 3)
where M is the average mass per carbon atom of the carbon back-
bone* It can be seen that the k1 values are nearly the same
(within 30%) for all six polymers with carbon backbones. This
agrees with eq. (I.2). kl, which has the dimension of a force
constant can be interpreted as the average one-dimensional force
constant along the chain axis. According to the assumption in
section 11.6, this force constant corresponds to the bending mode.
In fact the bending force constant of C-C bond in hydrocarbons
are approximately 0.37 x 105 dynes/cm (Krimcn, et al., 1956).
This is of the same order as k1 in table X.
The change in 93 for the polymers studied cannot be
accounted for by the change in mass alone. This implies that
k3, which can be interpreted as the three-dimensional vibration
force constants is not the same for all the polymers. The value
of k3 shows a general trend, namely, decreases with the increase
of the number of halogen atoms. Thus k3 for PCTFE is about
twice the value of PE. The fact that the force constants are
nearly the same for PCTFE and PTFE is not surprising because
their chemical compositions are similar.
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k3 is less than one tenth of k1, thus showing
that the interchain interaction is much weaker than the intra-
chain interaction.
From the planar zig-zag model the highest allowed
frequency wm. of the acoustical modes can also be calculated.
The stretching, bending and twisting force constants ks, kb and
kt are assigned with the values 4.20 x 10 5 dynes/cm, 0.37 x 10 5
dynes/cm and 0.034 x 105 dynes/cm, respectively (Krimm, et al.,
1956). These force constants, when put into eqs. (II.11) and
(II.12) and then solved by using an electronic computer, yields
the dispersion relations of the polymers and hence wm can be
obtained. The dispersion relation of PVF is shown in figure 4..
It turns out that wm is always associated with the modes of the
in plane vibration.
In table X, the temperature m is defined to be
hwm/k. The ratio m/ 1 ranges from 1.16 to 1.44, which shows
that the cut-off frequency w1 in the Tarasov model is roughly
the same as the cut-off frequency wm obtained by the planar
zig-zag model.
3. The difference between the heat capacity at constant pressure
and the heat capacity at constant volume
It is observed from figures 4.1 to 4.4 that the
calculated heat capacity Cc(T) is lower than the experimental








Figure 4.8 The dispersion curve of PVF.
D is the repeat distance (see p.13)
out of plane vibration
in-plane vibration
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for by the fact that heat capacity is the heat capacity at
constant volume (Cv) while the data give the heat capacity at





where is the volume expansivity, k and ka are, respectively,
the isothermal and adiabatic compressibilities, and V is the
molar volume. The adiabatic compressibility ka can be found
from the velocity of sound data. If we denote the real part of
the shear modulus by G 1 and the real part of the longitudinal
wave modulus by l, then (Kono, 1960).
and
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where vT and vL are the velocities of transverse and longltudinai
waves, cx and (XL are the attenuations of transverse and longitu-
dinal waves in nepers/cm, w is the radian frequency and is
the density of the solid. For 10 MHz ultrasonic waves in polymers,
the quantities vi 2ai 2/w2 (i= T, L) which are of the order of
10-2 can be neglected compared with unity. The bulk modulus
which is given by(Kono, 1960)
then approximately reduces to:
(IV.3)
The adiabatic compressibility is given by
(IV.4)
Combining equations (IV.1) to (IV.4), we get
where M is the molecular weight. Using the velocity of sound data
of PVr 2 and PCTFE obtained by Kwan and Chen (1974) and the thermal
expansion data of PVF2 (Mandelkern, et al., 1957) and PCTFE








These values can thus account for part of the discrepancy
between the theoretical and experimental results.
4. Therrnodynainic functions
The heat capacity data are extrapolated to OVK by
using the G1 and 93 values in table VI and the Tarasov expression
(1I.8). The entropy (S- So), enthalpy (H- Ho) and the Gibbs
free energy (G- G 0) are calculated from O0K to 340°K, where So,
Ho, Go are the quantities at 0°K. The results are given in
tables XIII to XVI. The entropy and enthalpy are obtained by
numerical integration of Cp and Cp/T, respectively. The Gibbs
free energy is obtained by the relation
G=H-TS• (Iv.3)
In order to estimate the effect of 83 on the thermo-
dynamic functions, the thermodynamic functions of PVF3 are
calculated by using the same 81 308°K but different Q3 values
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of OK, 50K and 1CUK. The results are shown in table XII
(see also figure 4. 7).
The experiment data are best fitted by using 3= 0°K,
therefore we assusno that the thermodynamic functions calculated
using Q3= 0°K is the same as the actual values. As can be seen
from table XII the entropy and enthalpy at 2000K differ by only
12Z and 2,, rerrpectively, for the two extreme cases, e = G°K
and 9 3= 100 °K.
Entropy of polymerization
The entropy of polymerization Spot. Which is the
difference between he entropies of the polmer and ,he monomer
is calculated fcr PGTFE and PVF. The entropies of chlorotrifluoro-
ethylene and vinyl fluoride were obtained by Oliver, et al. (1951)
and Joshi (1970), res .ectively. For at 244.3°K, th e entropy
of the u onorner is 2O0.5J/°K mole, and A3 i s found to be
poi.
-167.6 J/oK mote. ror PVF at 298.15oK, the entropy of the raonorser
is 232.4 J/QK dole, and AS Pole is found to be -193.0 J/oK mole.
AS of is more reliable becauE the entropy of itsThe
aol.
mono pier 4 ras experimentally deter .rained, xIham., tie entropy of
vinyl fluoride was obtained by theoretical. calculation assuriing
vinyl fluoride to be an ideal gas.
The entropies of polymerization of polyvinyl chloride
(WIC) and polyvinylidene chloride were found by Lebedev,
et al. (7963) to be -110 and -109 J/oK mole, respeetlvely chloride
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TABLE XII
EFFECT CF 3 ON THERMODYNAMIC
FUNCTIONS OF PVF3
H - Hs - s -(G--G)oC 000P
63(°kT(°K) J/°K mole) (J/mole) (J/mole)(J/°K mole
1113113526.5 28.10
An 105226.5 23.1 79650





it seems that PCT: E, PVC and PVDC have nearly the same entropy
of polymerization snd PVF has an entropy of polymerization of
the same order.
.'*' Glass transition
The glass transition of PVF2 at about 230°K was
observed (figure 4.6). There is an abrupt increase of the slope
of the heat capacity curve between 215°K and 2+0°K. The glass
temperature is taken to be the midpoint of this transition
region, i.e., 228°K. This is in reasonable agreement with the
glass temperature reported by Mandelkern, et al. (1957) and
3asau e, et al. (197.3). The jump of heat capacity (ACP) through
the glass transition is about 3.7J/mole. Using AG together
p
with thermal expansion data of PVF2 (MIandelkern, et al., 1977),
the change of glass temperature due to change of pressure
(dTg/dP) is calculated by using the relation (Davies and Jones,
1953):
(Iv.6)
where V is the molar volume, Q, is the change in volume expan-
sivity. The dy /chP value of PVF2 at 230°K is found to be 58°K/
loooatrn.
The value dT9/dP of polymers including polyvinyl
chloride, polyrnethyl riethacrylate (Heyderniannn and Guicking,
1963), polyvinylidone chloride, polyvinyl fluoride (Parry and
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Tabor, 1973) are found to be in the range of 12 to 18°K/1000atm.
The dTg/dP value of PVF2 found above is too high. This shows
that eq.(IV.6) may not be valid for our partly crystalline sample
of PVF2. Moreover, deviations from (IV.6) have also been observed
in other polymers by Davies and Jones (1953).
The glass transitions of PVF (Schmeider and Wolf,
1953) and PCTFE (Hoffman, et l., 1958) at about 30°C and 52°C,
respectively, were not detectable by heat capacity measurement.
This is probably because the polymer sample we used was partly
crystalline, and the slope of the heat capacity curve at such
high temperature is steep so that a slight change in slope is
difficult to detect.
A sudden decrease of slope of the heat capacity
curve of PVF3 was observed at 320°K. This is not reported in
the literature, and more work is needed to establish the nature
of this abrupt change.
7. Effect of crystallinity on heat capacity
Between 80°K and 325°K (glass temperature) the slow.
cooled and quenched samples are found to have the same heat
capacity within experimental error (0.3%). This is in agreement
with the results obtained for other polymers: PTFE (Furukawa,
et al., 1952), polystyrene (Karasz, et al., 1965). Above 325°K
the quenched sample shows a heat capacity slightly higher than
that of the slow-cooled sample, the difference reaching 0.8% at
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3 4 0 ° K . S o , it seems that the differencein crystallinityproduced
by quenchinghas very little effect on the heat capacity of
polymersbetween8 0 ° K and the glass temperature.
8 . C onclusion
T he presentwork ha a shown that T arasov model is
reasonably valid in accounting for the acoustical heat capacity
of polymers.
T he product w 1 2 is approximatelyconstantfor the
four polymers studied and has the same order of magnitudeas
the C - C bondingforce constant. I t is thereforeconjectured
that the cut - off frequencyw I of the T arasov model is closely
related to the force constantof the C - C bonds of the polymers.
T he fact that the maximum frequency of the acousticalvibrations
calculatedby using the planar zig - zag model is nearly the same
as w I is a justificationof this conjecture.
T he change of w 3 value cannot be totally accountedfor
by the change of mass alone . I t seems that the three dimensional
force constant decreaseswith the increase of the number of
halogenatoms in the repeatunits of the polymers. A bove 3 0 o K ,
the heat capacity of the polymers studied are not sensitive to
changein 3 .
T he entropies of polymerizationfou d for PCTFE and
PVF are reasonableas compared to the entropy of polymerization
of other polymersfound in the literature.
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Glass transition is observed at 228°K in PVF2 from
the heat capacity data. The glass transition of other polymers
with glass temperature higher than 300°K cannot be detected by
heat capacity. An abrupt decrease of slope of the heat capacity
curve of PVF3 at 320°K is observed. More work is needed to
establish this phenonmenon before any conclusion can be drawn.
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TABLE XIII
THERMODYNAMIC FUNCTIONS OF PVF










22.1 16.5 58290 903
23.8100 113018.9 760
21.3110 25.5 1380 964




160 2870 232033.7 32.3
170 265034.435.1 3210
180 36.6 36.4 3570 3010
190 38.2 38.5 3940 3380
200 40.5 434039.9 3780
210 41.7 42.5 4750 4200
220 44.443.4 5170 4630
46.4230 5620 509045.4
240 608048.447.2 5570
250 6560 606049.2 50.4
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TABLE XIII (Continued)











a. Quantities below 80'K are obtained by extrapolating the heat
capacity to 0 °K using eq.(II.8) with 0l= 430 °K and 03= 110 °K
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TABLE XIV
THERMODYNAMIC FUNCTIONS OF PVF2







































Quantities below 80°K are obtained by extrapolating the heata.
capacity using eq.(II.8) with 1= 357°K and 3= 91°K,
assuming four acoustical modes.
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TABLE XV
THERMODYNAMIC FUNCTIONS OF PVF3








































Quantities below 80LK are obtained by extrapolating the heata.
capacity to 0°K by using eq.(II.8) with l= 308°K and
03= 0°K, assuming four acoustical vibrational modes.
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TABLE XVI
THERMODYNAMIC FUNCTIONS OF PCTFE







































a. The quantities below 80°K are obtained by extrapolating the
heat capacity using eq.(II.8) with = 235°K, 03= 52°K
assuming four acoustical modes.
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